channel.
Hexagonal boron nitride (h-BN) has great potential for use as the dielectric layer in functional heterostructure devices which exploit the remarkable properties of graphene (1-4). The combination of graphene and h-BN opens up the exciting possibility of creating a new class of atomically-thin multilayered heterostructures (5, 6) . Graphene and h-BN share the same crystal structure and have very similar lattice constants but, unlike graphene, h-BN is an insulator with a large energy bandgap of 6 eV (7, 8) . Most previous studies have focused on the use of thick layers of BN as a substrate for graphene electronics (7, 9, 10) or as a dielectric in experiments on coupled 2D electron gases (11) . HBN has also been used as a barrier for tunneling experiments: thick hBN (>6 layers) was sandwiched between two graphene layers (12) and thinner layers of this material (down to monolayer) were used in gold/hBN/gold tunneling devices (13) . Extension of these results to graphene and graphite tunneling diodes with a monolayer of hBN as a tunnelling barrier is of considerable fundamental interest and has the potential for new applications such as devices for flexible electronics, especially as the layer thickness can, in principle, be controlled with atomic layer precision.
Here we investigate the electronic properties of tunnel diodes in which h-BN acts as a barrier layer between a variety of different conducting materials, such as graphene, graphite and gold.
We demonstrate that a single atomic layer of h-BN acts as an effective tunnel barrier and that the transmission probability of the h-BN barrier decreases exponentially with the number of atomic layers. The current-voltage characteristics of these devices show a linear I-V dependence at low bias and an exponential dependence at higher applied voltages. We use conductive atomic force microscopy (C-AFM) to measure the tunnel current through h-BN terraces of different thickness and find that the tunnel current on a particular terrace is spatially uniform and defect-free.
To investigate the electronic properties of the BN barriers, we fabricated several types of device, in the form of the following sandwich structures: Au/BN/Au; graphene/BN/graphene; and graphite/BN/graphite. For the Au/BN/Au samples we fabricated gold stripes of typical width 2 m from a 5 nm Ti + 50 nm Au metallic bilayer deposited on a Si/SiO 2 substrate in which the oxide layer was 100 nm thick. Flakes of BN were then deposited on the metallic stripes using a micromechanical cleavage technique (1). The flake thickness was characterised by a combination of optical contrast (8) , Raman spectroscopy and AFM methods. BN crystallites of different thicknesses which overlapped the gold contacts were identified (8) and top contacts (5nm Ti/50nm Au) were deposited by electron beam or laser-writing lithography and electron gun evaporation.
We used an alternative technique to fabricate the graphene/BN/graphene and graphite/BN/graphite devices. To form the bottom electrode, micromechanical cleavage (1,5) was used to deposit narrow flakes of graphene (or graphite) on a SiO 2 substrate. Where necessary, the flakes were narrowed by reactive plasma etching through a PMMA mask.
Similarly prepared and characterised BN crystals were deposited on the graphene (or graphite) flakes using a dry-transfer technique (7, 10) . The top graphene (or graphite) electrode was transferred by the same method; (it could be shaped prior to transfer to achieve the desired overlapping area). Figure 1 shows representative images of our devices.
We measured the I-V characteristics of our samples over a range of temperatures. The most reliable results were obtained with graphene or graphite as contact layers: for these devices, the measured current scaled accurately with the device area. However, gold contacts are somewhat less reproducible. We attribute this difference to the atomic flatness of the graphene and graphite layers. In contrast, the BN tunnel barrier may delaminate mechanically from the rough surface of the metallic layer, thus leading to a change in the active surface area of the device and to a reduction of the tunnel current. As shown in Figs. 2 There is little variation of leakage current on regions of the same thickness suggesting a lack of pin holes or other defects that would lead to spikes in the measured current.
